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Abstract	  Dot	  comparison	  tasks	  are	  commonly	  used	  to	  index	  an	  individual’s	  Approximate	  Number	  System	  (ANS)	  acuity,	  but	  the	  cognitive	  processes	  involved	  in	  completing	  these	  tasks	  are	  poorly	  understood.	  Here	  we	  investigated	  how	  factors	  including	  numerosity	  ratio,	  set	  size	  and	  visual	  cues	  influence	  task	  performance.	  Forty-­‐four	  children	  aged	  7-­‐9	  years	  completed	  a	  dot	  comparison	  task	  with	  a	  range	  of	  to-­‐be-­‐compared	  numerosities.	  We	  found	  that	  as	  the	  size	  of	  the	  numerosities	  increased,	  with	  ratios	  held	  constant,	  accuracy	  decreased	  due	  to	  the	  heightened	  salience	  of	  incongruent	  visual	  information.	  Furthermore,	  in	  trials	  with	  larger	  numerosities	  participants’	  accuracies	  were	  influenced	  more	  by	  the	  convex	  hull	  of	  the	  array	  than	  the	  average	  dot	  size.	  The	  numerosity	  ratio	  between	  the	  arrays	  in	  each	  trial	  was	  an	  important	  predictor	  for	  all	  set	  sizes.	  We	  argue	  that	  these	  findings	  are	  consistent	  with	  a	  ‘competing	  processes’	  inhibition-­‐based	  account,	  where	  accuracy	  scores	  are	  influenced	  by	  individual	  differences	  in	  both	  ANS	  acuity	  and	  inhibitory	  control	  skills.	  Key	  words:	  Inhibition,	  Approximate	  Number	  System,	  numerical	  cognition,	  dot	  comparison,	  visual	  cues	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Inhibition	  in	  dot	  comparison	  tasks	  
1.	  Introduction	  Competency	  in	  mathematics	  is	  important	  in	  every	  day	  life	  for	  most	  Western	  adults.	  Mathematics	  is	  used	  when	  calculating	  journey	  times,	  paying	  for	  goods	  in	  a	  shop,	  and	  even	  when	  planning	  to	  decorate	  a	  room.	  Research	  has	  shown	  that	  poor	  attainment	  in	  school	  level	  numeracy	  is	  correlated	  with	  real-­‐world	  practical	  difficulties	  such	  as	  defaulting	  on	  mortgage	  payments	  (Gerardi	  et	  al.	  2013)	  and	  poor	  budgeting	  for	  the	  future	  (Banks	  and	  Oldfield	  2007).	  Nonetheless,	  approximately	  6%-­‐14%	  of	  school-­‐age	  children	  have	  persistent	  difficulties	  with	  mathematics	  despite	  age-­‐appropriate	  achievement	  in	  other	  domains	  (Barbaresi	  et	  al.	  2005).	  In	  order	  to	  provide	  suitable	  educational	  support	  for	  individuals	  with	  mathematics	  difficulties,	  it	  is	  essential	  that	  researchers	  and	  educators	  first	  have	  a	  detailed	  and	  accurate	  understanding	  of	  the	  skills	  and	  underlying	  processes	  that	  are	  important	  for	  learning	  and	  performing	  mathematics.	  The	  skills	  that	  are	  already	  known	  to	  be	  involved	  in	  mathematics	  can	  be	  categorised	  into	  two	  groups:	  domain-­‐general	  processes	  and	  domain-­‐	  specific	  processes.	  It	  is	  well-­‐established	  within	  the	  psychology	  and	  education	  literatures	  that	  formal	  mathematics	  abilities	  are	  influenced	  by	  domain-­‐general	  processes	  such	  as	  working	  memory	  and	  executive	  functioning	  skills,	  including	  inhibitory	  control,	  attention,	  task	  flexibility	  and	  switching	  (Bull	  et	  al.	  2008;	  Friso-­‐van	  den	  Bos	  et	  al.	  2013;	  Gifford	  and	  Rockliffe	  2012;	  LeFevre	  et	  al.	  2010).	  Domain-­‐specific	  skills	  also	  considered	  to	  be	  central	  to	  mathematics	  include	  procedural	  competence,	  conceptual	  understanding,	  counting,	  number	  fact	  knowledge	  and	  Approximate	  Number	  System	  (ANS)	  acuity	  or	  ‘number	  sense’	  (Baroody	  2003;	  Jordan	  et	  al	  2003;	  Dehaene	  1997).	  Despite	  piecemeal	  evidence	  concerning	  the	  skills	  that	  underlie	  mathematical	  learning	  and	  competence,	  it	  is	  not	  yet	  clear	  how	  these	  processes	  interact	  with	  each	  other.	  Very	  little	  research	  has	  focused	  on	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the	  relationship	  between	  general	  processes	  such	  as	  inhibitory	  control	  and	  domain-­‐specific	  factors,	  such	  the	  nature	  of	  ANS	  representations.	  Specifically,	  there	  is	  a	  gap	  in	  the	  literature	  regarding	  the	  extent	  to	  which	  performance	  on	  basic	  numerical	  tasks	  can	  be	  accounted	  for	  by	  general	  processing	  skills.	  In	  this	  manuscript	  we	  explore	  how	  a	  domain	  specific	  skill,	  ANS	  acuity,	  and	  the	  domain	  general	  ability	  of	  inhibitory	  control	  influence	  performance	  on	  a	  task	  aiming	  to	  measure	  numerical	  processing.	  In	  the	  sections	  below	  we	  first	  introduce	  the	  dominant	  model	  of	  the	  ANS	  and	  describe	  the	  task	  most	  commonly	  used	  to	  measure	  it.	  Then	  we	  discuss	  what	  is	  known	  about	  the	  numerical	  and	  general	  cognitive	  control	  factors	  that	  influence	  performance	  on	  this	  task,	  before	  introducing	  the	  present	  study.	  	  
1.1	  The	  Approximate	  Number	  System	  (ANS)	  The	  Approximate	  Number	  System	  (ANS)	  is	  a	  cognitive	  system	  for	  representing	  quantity	  information,	  which	  has	  received	  a	  great	  deal	  of	  attention	  in	  recent	  years.	  The	  ANS	  is	  a	  universal	  system	  present	  in	  animals,	  children	  and	  adults	  that	  allows	  the	  comparison,	  addition	  and	  subtraction	  of	  quantities	  without	  counting	  them	  (Dehaene	  1997).	  Instead	  of	  using	  exact	  calculations,	  tasks	  that	  draw	  on	  the	  ANS	  are	  solved	  using	  approximate	  representations	  of	  quantity.	  Studies	  have	  shown	  that	  children	  aged	  just	  six	  months	  old	  can	  reliably	  recruit	  their	  ANS	  to	  discriminate	  between	  large	  sets	  of	  items	  that	  differ	  by	  a	  ratio	  of	  0.5,	  for	  example	  8	  vs.	  16	  dots	  (Xu	  and	  Spelke	  2000).	  Similarly,	  many	  non-­‐human	  primates	  and	  other	  animals	  can	  contrast	  approximate	  quantities	  that	  differ	  in	  numerosity,	  so	  long	  as	  the	  ratio	  difference	  between	  the	  two	  sets	  is	  sufficiently	  different	  from	  1	  (Emmerton	  1998;	  Hauser	  et	  al.	  2003).	  As	  humans	  develop,	  their	  ANS	  representations	  become	  more	  precise	  and	  adults	  have	  been	  found	  to	  reliably	  discriminate	  between	  quantities	  differing	  by	  up	  to	  a	  0.9	  ratio	  (Pica	  et	  al.	  2004).	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The	  examples	  above	  demonstrate	  that	  ANS	  performance	  is	  dependent	  on	  the	  ratio	  between	  the	  quantities	  to	  be	  compared.	  The	  larger	  the	  ratio,	  the	  easier	  it	  is	  to	  distinguish	  which	  set	  contains	  more	  items.	  According	  to	  the	  standard	  model	  of	  the	  ANS	  (Barth	  et	  al.	  2005;	  Dehaene	  1997),	  when	  an	  individual	  sees	  n	  objects	  they	  form	  an	  ANS	  representation	  of	  the	  quantity.	  This	  representation	  is	  drawn	  from	  a	  normal	  distribution	  with	  mean	  n	  and	  standard	  deviation	  wn.	  Here	  w,	  or	  the	  ‘Weber	  fraction’,	  is	  a	  parameter	  which	  indexes	  the	  acuity	  of	  each	  individual’s	  ANS.	  When	  asked	  to	  compare	  two	  numerosities,	  say	  n	  and	  m,	  it	  is	  the	  ratio	  of	  these	  two	  quantities	  and	  the	  value	  of	  w	  that	  predicts	  an	  individual’s	  probability	  of	  success.	  This	  is	  because	  where	  the	  n	  :	  m	  ratio	  is	  close	  to	  one,	  the	  distributions	  of	  possible	  n	  and	  m	  representations	  overlap	  to	  a	  greater	  extent,	  and	  so	  the	  probability	  of	  an	  individual	  generating	  incorrectly	  ordered	  representations	  is	  higher.	  Consequently,	  individuals	  are	  more	  likely	  to	  make	  an	  error	  comparing,	  for	  example,	  29	  vs.	  30	  items	  in	  comparison	  to	  20	  vs.	  30	  items.	  ANS	  acuities	  (i.e.	  Weber	  fractions)	  vary	  between	  individuals	  and	  influence	  magnitude	  comparison	  performance.	  Those	  with	  a	  more	  precise	  ANS	  (i.e.	  smaller	  w)	  generate	  representations	  closer	  to	  the	  actual	  numerosity	  more	  often	  and	  so	  show	  superior	  performance	  on	  tasks	  used	  to	  measure	  the	  ANS	  (Barth	  et	  al.	  2005;	  Dehaene	  1997).	  It	  has	  been	  proposed	  that	  the	  ANS	  may	  play	  a	  role	  in	  formal	  symbolic	  mathematics	  ability.	  A	  number	  of	  studies	  suggest	  that	  individuals	  with	  a	  more	  precise	  ANS	  representation	  also	  tend	  to	  have	  more	  advanced	  formal	  mathematical	  skills	  (Libertus	  et	  al.	  2011;	  Mazzocco	  et	  al.	  2011;	  Piazza	  et	  al.	  2010,	  2013;	  see	  Chen	  and	  Li	  2014	  for	  a	  meta-­‐analysis).	  Mazzocco	  et	  al.	  (2011)	  found	  that	  poor	  performance	  on	  non-­‐symbolic	  approximation	  tasks	  distinguishes	  children	  with	  mathematical	  learning	  disabilities	  from	  their	  typically	  performing	  peers.	  Similarly,	  links	  between	  ANS	  acuity	  and	  mathematics	  achievement	  in	  the	  general	  population	  have	  been	  found	  in	  numerous	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studies	  by	  Halberda	  and	  colleagues	  (see	  Feigenson	  et	  al.	  2013,	  for	  a	  review).	  In	  a	  study	  of	  typically	  developing	  adolescents,	  Halberda	  et	  al.	  (2008)	  found	  that	  participants’	  Weber	  fractions	  at	  age	  14	  correlated	  with	  TEMA-­‐2	  (Test	  of	  Early	  Mathematical	  Ability)	  scores	  and	  Woodcock-­‐Johnson	  Calculation	  Subtest	  scores	  from	  the	  previous	  10	  years	  of	  schooling.	  The	  same	  research	  group	  later	  replicated	  the	  link	  between	  the	  TEMA-­‐3	  and	  dot	  comparison	  task	  performance	  with	  children	  as	  young	  as	  three	  years	  of	  age	  (Libertus	  et	  al.	  2011).	  Likewise,	  corresponding	  results	  have	  been	  found	  with	  adult	  participants:	  Libertus	  et	  al.	  (2012)	  demonstrated	  a	  correlation	  between	  adults’	  ANS	  task	  performance	  and	  achievement	  on	  the	  quantitative	  section	  of	  standardised	  college-­‐entrance	  exams	  in	  the	  USA.	  Other	  studies	  have	  reported	  further	  consistent	  findings	  from	  participants	  across	  a	  range	  of	  age	  groups	  (Halberda	  et	  al.	  2012).	  Following	  this	  evidence,	  it	  has	  been	  hypothesised	  that	  training	  on	  ANS	  tasks	  may	  be	  suitable	  as	  an	  intervention	  to	  improve	  mathematics	  achievement	  (DeWind	  and	  Brannon	  2012;	  Hyde	  et	  al.	  2014;	  Park	  and	  Brannon	  2013).	  	  In	  contrast	  to	  this	  evidence	  of	  a	  relationship	  between	  ANS	  performance	  and	  mathematics,	  there	  is	  conflicting	  evidence	  from	  a	  number	  of	  studies	  that	  have	  failed	  to	  find	  a	  correlation	  between	  the	  ANS	  and	  mathematics	  achievement	  (see	  De	  Smedt	  et	  al.	  2013,	  for	  a	  review).	  Holloway	  and	  Ansari	  (2009),	  for	  example,	  demonstrated	  that	  performance	  on	  non-­‐symbolic	  comparison	  tasks	  was	  statistically	  unrelated	  to	  children’s	  mathematics	  fluency	  or	  calculation	  scores	  on	  the	  Woodcock	  Johnson	  III	  Test	  of	  Achievement.	  Other	  studies	  have	  found	  a	  significant	  relationship	  in	  children	  but	  not	  in	  adult	  participants	  (Inglis	  et	  al.	  2011).	  Several	  researchers	  have	  highlighted	  that	  the	  link	  between	  ANS	  task	  performance	  and	  mathematics	  is	  poorly	  understood	  (e.g.	  Chen	  and	  Li	  2014;	  De	  Smedt	  et	  al	  2013;	  Price,	  Palmer,	  Battista	  and	  Ansari	  2012).	  This	  is	  important	  because	  interventions	  are	  being	  developed	  on	  the	  basis	  of	  a	  causal	  relationship	  between	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ANS	  and	  mathematics,	  and	  yet	  at	  present	  we	  do	  not	  know	  what	  underlies	  the	  observed	  correlations	  or	  what	  contributes	  to	  performance	  on	  ANS	  tasks.	  	  
1.2	  Dot	  comparison	  tasks	  An	  individual’s	  ANS	  acuity	  can	  be	  measured	  empirically	  with	  a	  range	  of	  tasks.	  These	  include	  symbolic	  (e.g.	  digit)	  or	  non-­‐symbolic	  (e.g.	  dot)	  approximate	  comparison	  and	  addition	  tasks	  or	  estimation	  tasks,	  which	  assess	  the	  mapping	  between	  symbols	  and	  non-­‐symbolic	  representations.	  Non-­‐symbolic	  tasks	  may	  involve	  visual	  representations	  including	  dots	  or	  flashes,	  auditory	  sequences	  or	  a	  combination	  of	  these.	  	  The	  most	  commonly	  used	  measure	  of	  ANS	  acuity	  is	  a	  dot	  comparison	  task,	  involving	  the	  comparison	  of	  two	  non-­‐symbolic	  visual	  arrays	  of	  dots.	  During	  this	  task,	  participants	  see	  two	  dot	  arrays	  and	  must	  estimate	  which	  array	  they	  believe	  has	  more	  dots	  in	  it	  and	  respond	  either	  by	  key	  press,	  verbally,	  or	  by	  pointing,	  depending	  on	  the	  presentation	  methods	  employed	  and	  the	  age	  of	  the	  participants.	  Dot	  arrays	  are	  typically	  presented	  for	  only	  a	  brief	  period	  of	  time	  in	  order	  to	  prohibit	  counting	  of	  the	  dots.	  Performance	  on	  dot	  comparison	  tasks	  is	  often	  indexed	  by	  accuracy,	  i.e.	  how	  often	  the	  participant	  correctly	  selects	  the	  more	  numerous	  array.	  Other	  measures	  include	  estimates	  of	  participants’	  ‘internal	  Weber	  fraction’	  or	  ‘w’	  score,	  the	  numerical	  ratio	  effect	  (NRE),	  or	  reaction	  times,	  though	  some	  of	  these	  measures	  have	  been	  shown	  to	  be	  less	  reliable	  (Inglis	  and	  Gilmore	  2014).	  One	  reason	  why	  it	  is	  difficult	  to	  make	  sense	  of	  the	  conflicting	  literature	  concerning	  the	  links	  between	  ANS	  acuity	  and	  mathematics	  achievement	  is	  because	  the	  cognitive	  processes	  underlying	  success	  in	  dot	  comparison	  tasks	  are	  poorly	  understood.	  Without	  a	  comprehensive	  knowledge	  of	  the	  cognitive	  skills	  that	  are	  involved	  in	  completing	  a	  dot	  comparison	  task,	  we	  cannot	  begin	  to	  make	  sense	  of	  correlations	  between	  performance	  on	  the	  task	  and	  other	  cognitive	  abilities,	  such	  as	  mathematics	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ability.	  We	  first	  need	  to	  understand	  whether	  dot	  comparison	  tasks	  are	  measuring	  more	  than	  just	  ANS	  acuity,	  and	  if	  differences	  in	  dot	  comparison	  methods	  influence	  the	  extent	  to	  which	  performance	  on	  the	  tasks	  reflect	  ANS	  acuity.	  There	  are	  many	  variables	  that	  can	  be	  manipulated	  in	  dot	  comparison	  tasks	  including	  whether	  the	  comparison	  stimuli	  are	  presented	  simultaneously	  or	  sequentially,	  the	  length	  of	  time	  the	  stimuli	  are	  displayed	  for	  and	  the	  numerosities	  represented.	  Price	  et	  al.	  (2012)	  highlighted	  the	  lack	  of	  consistency	  between	  tasks	  used	  in	  the	  literature	  and	  reported	  that	  the	  most	  robust	  method	  of	  presentation	  is	  to	  display	  dot	  arrays	  simultaneously	  on	  screen,	  so	  as	  to	  minimize	  extraneous	  cognitive	  processing	  demands.	  Inglis	  and	  Gilmore	  (2013)	  reported	  that	  the	  longer	  an	  individual	  is	  given	  to	  process	  a	  dot	  array,	  the	  more	  precise	  the	  formation	  of	  the	  resultant	  ANS	  representation.	  This	  has	  important	  implications	  for	  studies	  that	  use	  reaction	  time	  scores	  as	  a	  measure	  of	  ANS	  performance.	  If	  a	  participant	  is	  allowed	  to	  respond	  at	  their	  own	  pace,	  there	  is	  likely	  to	  be	  a	  trade-­‐off	  between	  accuracy	  and	  speed:	  those	  who	  respond	  faster	  may	  not	  perform	  as	  accurately	  as	  they	  would	  if	  they	  chose	  to	  view	  the	  array	  for	  the	  full	  length	  of	  the	  presentation.	  Therefore,	  fixed	  presentation	  times	  and	  the	  use	  of	  accuracy	  scores	  may	  provide	  a	  more	  valid	  measure	  of	  the	  precision	  of	  ANS	  representations.	  	  Gebuis	  and	  Reynvoet	  have	  highlighted	  the	  importance	  and	  influence	  of	  visual	  characteristics	  on	  dot	  comparison	  task	  performance.	  They	  suggested	  that	  individuals	  cannot	  extract	  quantity	  information	  from	  a	  visual	  scene	  independently	  of	  its	  environmental	  visual	  cues	  (Gebuis	  and	  Gevers	  2011;	  Gebuis	  and	  Reynvoet	  2012a,	  b).	  Instead,	  they	  proposed	  that	  when	  a	  participant	  is	  faced	  with	  an	  individual	  dot	  comparison	  trial,	  accuracy	  is	  influenced	  by	  their	  ability	  to	  attend	  to	  and	  ‘weigh	  up’	  combinations	  of	  visual	  cues	  to	  make	  their	  choice	  (Gebuis	  and	  Reynvoet	  2012a,	  b).	  Gebuis	  and	  Reynvoet	  argue	  that	  the	  existence	  of	  an	  ANS	  that	  can	  extract	  quantity	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information	  independently	  from	  visual	  cues	  is	  unlikely.	  As	  researchers	  use	  divergent	  methods	  to	  create	  their	  stimuli,	  the	  control	  of	  visual	  cues	  is	  unstandardised	  across	  studies	  and	  therefore	  likely	  to	  influence	  performance	  differently	  in	  each	  case.	  	  	  Finally,	  there	  is	  no	  consensus	  within	  the	  literature	  regarding	  the	  range	  of	  numerosities	  that	  are	  represented	  in	  the	  dot	  arrays.	  A	  review	  by	  De	  Smedt	  et	  al.	  (2013)	  highlights	  this	  lack	  of	  standardisation	  and	  suggests	  that	  inconsistencies	  in	  set	  size	  could	  play	  a	  role	  in	  the	  explanation	  of	  contrasting	  results	  within	  the	  dot	  comparison	  literature.	  Some	  previous	  research	  suggests	  that	  variation	  in	  set	  size	  does	  not	  influence	  accuracy	  on	  comparison	  tasks,	  however	  this	  effect	  has	  yet	  to	  be	  systematically	  explored.	  Barth	  et	  al.	  (2008)	  investigated	  whether	  set	  size	  affected	  comparison	  task	  performance	  by	  comparing	  the	  results	  from	  experiments	  that	  have	  used	  different	  absolute	  set	  sizes.	  They	  found	  that	  set	  size	  had	  no	  impact	  on	  accuracy	  scores	  or	  reaction	  times,	  however	  the	  size	  of	  the	  sets	  only	  differed	  marginally	  between	  tasks	  (e.g.	  16	  to	  56	  numerosity	  range	  compared	  with	  a	  5	  to	  40	  range).	  Another	  study	  by	  Barth	  and	  colleagues	  demonstrated	  similar	  results	  based	  on	  reaction	  time	  scores	  rather	  than	  accuracy	  scores	  (Barth	  et	  al.	  2002).	  Revkin	  and	  colleagues	  found	  performance	  was	  higher	  for	  small	  sets	  (1-­‐	  4)	  compared	  to	  larger	  sets	  (10-­‐	  40)	  (Revkin	  et	  al.	  2008).	  However,	  the	  authors	  suggested	  that	  the	  process	  of	  subitizing	  very	  small	  sets	  of	  items	  is	  characterised	  by	  different	  underlying	  mechanisms	  to	  ANS	  representations	  used	  for	  larger	  sets	  of	  items	  (Revkin	  et	  al.	  2008)	  and	  so	  this	  result	  does	  not	  inform	  the	  question	  of	  set	  size	  effects	  within	  the	  ANS.	  Therefore	  the	  effect	  of	  set	  size	  on	  ANS	  performance	  remains	  unknown.	  
1.3	  Inhibitory	  control	  and	  dot	  comparison	  tasks	  The	  variation	  in	  task	  procedures	  described	  above	  may	  play	  some	  role	  in	  explaining	  the	  conflicting	  evidence	  concerning	  the	  relationship	  between	  ANS	  performance	  and	  formal	  mathematics.	  These	  task	  variations	  are	  likely	  to	  impact	  on	  both	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estimates	  of	  ANS	  acuity,	  but	  also,	  importantly,	  they	  may	  alter	  the	  domain-­‐general	  factors	  that	  influence	  performance.	  Research	  has	  begun	  to	  emerge	  which	  suggests	  that	  inhibitory	  control	  is	  one	  such	  important	  factor	  (Fuhs	  and	  McNeil	  2013;	  Cappelletti	  et	  al	  2014;	  Gilmore	  et	  al.	  2013;	  Nys	  and	  Content	  2012).	  	  Inhibitory	  control	  can	  be	  defined	  as	  an	  executive	  function	  mechanism	  that	  facilitates	  the	  suppression	  of	  prepotent	  responses	  in	  favour	  of	  efficient	  task	  processing	  (Dempster	  1992).	  Inhibition	  involves	  the	  ability	  to	  focus	  on	  task	  relevant	  stimuli	  whilst	  resisting	  strong	  or	  automatic	  interference	  from	  task	  irrelevant	  information.	  	  Inhibition	  can	  be	  conceptually	  distinguished	  into	  many	  categories;	  in	  a	  review	  of	  constructs	  and	  related	  measurement	  paradigms	  Nigg	  (2000)	  specified	  four	  types	  of	  processing:	  interference	  control,	  cognitive	  inhibition,	  behavioural	  inhibition	  and	  oculomotor	  inhibition.	  	  The	  first	  type	  of	  inhibition—	  interference	  control—	  refers	  to	  the	  ability	  to	  maintain	  the	  execution	  of	  a	  primary	  motor	  response	  in	  the	  presence	  of	  distracting	  or	  competing	  stimuli	  pulling	  for	  a	  different	  response.	  This	  is	  classified	  as	  distinct	  from	  the	  ability	  to	  suppress	  intrusive,	  non-­‐pertinent	  thoughts	  (cognitive	  inhibition),	  the	  ability	  to	  suppress	  prepotent	  behavioural	  responses	  (behavioural	  inhibition),	  and	  the	  effortful	  suppression	  of	  reflexive	  saccade	  (oculomotor	  inhibition).	  During	  interference	  control,	  competing	  stimuli	  draws	  attention	  away	  from	  the	  target	  response	  and	  interferes	  with	  the	  current	  operations	  of	  working	  memory,	  in	  turn	  slowing	  the	  primary	  motor	  response.	  A	  classic	  example	  of	  this	  type	  of	  inhibition	  is	  the	  Stroop	  task	  (Stroop	  1935).	  A	  standard	  Stroop	  task	  involves	  stimuli	  comprising	  of	  rows	  of	  colour	  words,	  e.g.	  red/	  blue/	  black,	  written	  in	  different	  colour	  inks.	  Trials	  can	  be	  classified	  as	  either	  congruent	  or	  incongruent.	  Congruent	  trials	  are	  those	  in	  which	  the	  colour	  word	  matches	  the	  ink	  colour,	  for	  example	  the	  word	  blue	  written	  in	  blue	  ink.	  Incongruent	  trials	  are	  those	  in	  which	  the	  colour	  word	  differs	  from	  the	  ink	  colour,	  for	  example	  the	  word	  blue	  written	  in	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red	  ink.	  The	  participant’s	  task	  is	  to	  name	  aloud	  the	  ink	  colours	  written	  on	  the	  page	  without	  interference	  from	  the	  written	  word.	  Consistently	  it	  has	  been	  found	  that	  participants	  are	  slower	  and	  less	  accurate	  when	  completing	  incongruent	  trials	  in	  comparison	  to	  congruent	  Stroop	  task	  trials	  (MacLeod	  1991).	  	  It	  has	  been	  proposed	  that	  inhibition	  ability,	  specifically	  interference	  control	  skills,	  play	  an	  important	  role	  in	  dot	  comparison	  performance	  as	  a	  result	  of	  the	  way	  dot	  stimuli	  are	  created	  (Szűcs	  et	  al.	  2013).	  	  In	  order	  to	  ensure	  that	  participants	  solve	  dot	  comparison	  tasks	  on	  the	  basis	  of	  the	  numerosity	  of	  the	  arrays,	  rather	  than	  visual	  characteristics	  such	  as	  dot	  size	  or	  convex	  hull,	  dot	  comparison	  tasks	  typically	  consist	  of	  both	  congruent	  and	  incongruent	  trials.	  On	  congruent	  trials	  visual	  cues	  such	  as	  the	  average	  dot	  size	  and	  convex	  hull	  of	  the	  array	  are	  positively	  correlated	  with	  numerosity	  i.e.	  the	  array	  with	  more	  dots	  is	  made	  up	  of	  larger	  dots	  and	  covers	  a	  greater	  area.	  Conversely,	  on	  incongruent	  trials	  average	  dot	  size	  and	  the	  convex	  hull	  of	  the	  array	  are	  negatively	  correlated	  with	  numerosity	  i.e.	  the	  array	  with	  fewer	  dots	  is	  made	  up	  of	  larger	  dots	  and	  covers	  a	  greater	  area.	  Some	  researchers	  have	  proposed	  that	  the	  congruency	  categories	  of	  dot	  comparison	  task	  trials	  are	  comparable	  to	  the	  different	  congruency	  categories	  present	  in	  Stroop	  task	  trials	  (Gilmore	  et	  al.	  2013;	  Nys	  and	  Content	  2012;	  Szűcs	  et	  al.	  2013).	  Gilmore	  et	  al.	  suggested	  that	  for	  a	  participant	  to	  respond	  accurately	  to	  an	  incongruent	  dot	  comparison	  task	  trial	  they	  must	  inhibit	  the	  irrelevant	  and	  misleading	  visual	  information,	  such	  as	  dot	  size	  and	  convex	  hull,	  and	  respond	  solely	  based	  on	  numerosity	  estimations.	  There	  is	  a	  wealth	  of	  evidence	  to	  show	  that	  participants	  perform	  significantly	  slower	  and	  less	  accurately	  on	  trials	  where	  the	  continuous	  visual	  variables	  are	  not	  predictive	  of	  numerosity	  (Barth	  et	  al.	  2006;	  Gebuis	  et	  al.	  2009;	  Gilmore	  et	  al.	  2013;	  Hurewitz	  et	  al.	  2006;	  Nys	  and	  Content	  2012).	  	  However,	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not	  all	  studies	  have	  found	  evidence	  of	  congruency	  effects	  (e.g.	  Gebuis	  and	  Van	  der	  Smagt	  2011;	  Odic,	  Hock	  and	  Halberda	  2013;	  Odic,	  Libertus,	  Feigenson	  and	  Halberda	  2013).	  Gilmore	  and	  colleagues	  (2013)	  proposed	  that	  inhibitory	  control	  may	  be	  pertinent	  to	  the	  debate	  surrounding	  the	  relationship	  between	  the	  ANS	  and	  formal	  mathematics	  achievement.	  It	  is	  well-­‐documented	  within	  the	  psychology	  and	  mathematics	  education	  literatures	  that	  there	  is	  a	  relationship	  between	  inhibitory	  control	  and	  formal	  mathematics	  ability	  (e.g.	  Blair	  and	  Razza	  2007;	  Bull	  and	  Sherif	  2001;	  Espy	  et	  al.	  2004;	  St	  Clair-­‐Thomson	  and	  Gathercole	  2006;	  Stavy	  and	  Babai	  2010).	  Individuals	  with	  better	  inhibition	  skills	  also	  tend	  to	  perform	  better	  on	  tasks	  measuring	  mathematical	  ability.	  In	  line	  with	  this,	  Gilmore	  et	  al.	  (2013)	  found	  that	  children’s	  formal	  mathematics	  achievement	  scores	  were	  only	  correlated	  with	  performance	  on	  incongruent	  dot	  comparison	  task	  trials,	  and	  not	  with	  congruent	  trials.	  Gilmore	  et	  al.	  therefore	  proposed	  that	  the	  correlation	  often	  observed	  between	  mathematics	  achievement	  and	  ANS	  acuity	  may	  in	  fact	  arise	  from	  mutual	  correlations	  with	  inhibitory	  control.	  Indeed	  Gilmore	  et	  al.	  (2013)	  also	  reported	  that	  7	  to	  10	  year	  olds’	  overall	  dot	  comparison	  performance	  scores	  no	  longer	  significantly	  predicted	  mathematics	  achievement	  scores	  once	  inhibition	  skills	  were	  accounted	  for.	  Evidence	  from	  Fuhs	  and	  McNeil	  (2013)	  also	  supports	  this	  proposal	  with	  findings	  that	  low	  SES	  preschool	  children’s	  dot	  comparison	  task	  performance	  was	  no	  longer	  a	  borderline	  predictor	  of	  mathematics	  achievement	  scores	  once	  scores	  on	  an	  inhibition	  task	  were	  taken	  into	  account.	  Recently,	  Cappelletti	  et	  al	  (2014)	  have	  suggested	  that	  a	  decline	  in	  dot	  comparison	  performance	  in	  an	  older	  population	  may	  reflect	  deterioration	  of	  inhibitory	  processes	  rather	  than	  impoverished	  numerical	  skills.	  Older	  participants	  were	  particularly	  impaired	  on	  tasks	  that	  required	  the	  inhibition	  of	  visual	  information	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incongruent	  to	  numerosity,	  and	  moreover	  this	  difficulty	  was	  correlated	  with	  poorer	  inhibitory	  control	  performance	  on	  a	  Stroop	  task.	  	  Put	  together,	  these	  findings	  provide	  strong	  evidence	  for	  an	  alternative	  competing	  processes	  account	  of	  dot	  comparison	  task	  performance	  by	  which	  both	  the	  ANS	  and	  other	  competing	  processes	  driven	  by	  visual	  cues,	  influence	  accuracy	  on	  non-­‐symbolic	  comparison	  tasks	  (Fuhs	  and	  McNeil	  2013;	  Gilmore	  et	  al.	  2013;	  Nys	  and	  Content	  2012).	  According	  to	  this	  account,	  when	  a	  participant	  is	  faced	  with	  an	  individual	  dot	  comparison	  trial,	  they	  engage	  their	  ANS	  to	  judge	  the	  difference	  between	  the	  two	  dot	  arrays.	  However,	  at	  the	  same	  time	  the	  visual	  characteristics	  of	  the	  stimuli	  such	  as	  average	  dot	  size	  and	  the	  convex	  hull	  may	  interfere	  with	  this	  process,	  and	  in	  some	  cases	  participants	  may	  have	  to	  inhibit	  a	  prepotent	  response	  based	  on	  these	  visual	  characteristics	  in	  order	  to	  respond	  correctly.	  Following	  this	  account,	  inhibitory	  control	  may	  be	  a	  key	  mediator	  of	  the	  link	  between	  dot	  comparison	  task	  performance	  and	  formal	  symbolic	  mathematics	  achievement.	  However,	  although	  these	  studies	  have	  indicated	  that	  inhibitory	  control	  skills	  may	  be	  involved	  in	  performance	  on	  dot	  comparison	  trials	  in	  general,	  they	  have	  failed	  to	  identify	  the	  characteristics	  of	  dot	  comparison	  trials	  that	  will	  increase	  inhibitory	  control	  demands.	  	  In	  order	  to	  understand	  the	  ways	  in	  which	  inhibitory	  control	  is	  involved	  in	  solving	  incongruent	  dot	  comparison	  trials	  we	  need	  to	  understand	  how	  visual	  characteristics	  influence	  dot	  comparison	  task	  performance.	  This	  is	  particularly	  important	  given	  that	  different	  researchers	  have	  employed	  different	  versions	  of	  dot	  comparison	  tasks.	  Understanding	  the	  influence	  of	  visual	  characteristics	  on	  dot	  comparison	  task	  performance	  is	  the	  focus	  of	  the	  present	  study.	  	  
1.4	  The	  present	  study	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   Previous	  research	  has	  suggested	  that	  inhibitory	  control	  may	  play	  a	  role	  in	  dot	  comparison	  performance	  due	  to	  the	  influence	  of	  visual	  characteristics	  on	  participants’	  performance.	  However,	  we	  do	  not	  yet	  know	  the	  ways	  in	  which	  the	  visual	  characteristics	  of	  dot	  arrays	  affect	  participants’	  responses.	  We	  therefore	  investigated	  the	  characteristics	  which	  influence	  congruency	  effects	  and	  explored	  whether	  some	  visual	  cues	  are	  harder	  to	  inhibit	  than	  others.	  	  We	  varied	  the	  numerical	  ratio	  between	  the	  arrays,	  the	  absolute	  set	  size	  of	  quantities	  and	  the	  visual	  characteristics	  of	  the	  stimuli,	  specifically	  average	  dot	  size	  and	  convex	  hull.	  We	  chose	  to	  focus	  only	  on	  these	  particular	  visual	  characteristics	  of	  the	  stimuli	  following	  previous	  research	  that	  demonstrated	  a	  high	  correlation	  between	  average	  dot	  size	  and	  other	  commonly	  reported	  visual	  characteristics,	  including	  cumulative	  surface	  area	  and	  dot	  density	  within	  the	  array	  (Gebuis	  and	  Reynvoet	  2012a)	  If	  both	  the	  ANS	  and	  inhibitory	  control	  skills	  influence	  performance	  on	  dot	  comparison	  tasks,	  as	  proposed	  by	  the	  competing	  processes	  account,	  then	  we	  would	  expect	  participants’	  accuracies	  to	  be	  related	  to	  all	  three	  factors:	  numerical	  ratio,	  visual	  characteristics	  and	  set	  size.	  Numerical	  ratio	  would	  influence	  performance	  due	  to	  the	  approximate	  nature	  of	  ANS	  representations.	  Visual	  characteristics	  and	  set	  size	  would	  influence	  performance	  by	  varying	  the	  inhibitory	  control	  demands	  of	  the	  incongruent	  trials.	  	  We	  predicted	  that	  the	  salience	  of	  visual	  cues	  of	  an	  array	  would	  change	  with	  absolute	  set	  size.	  In	  particular	  convex	  hull	  information	  is	  likely	  to	  become	  more	  salient	  with	  increasing	  numerosity	  as	  the	  density	  of	  the	  dots	  increases	  and	  creates	  a	  more	  prominent	  perimeter	  (see	  Figure	  1	  for	  an	  example).	  For	  an	  incongruent	  trial,	  this	  is	  likely	  to	  place	  a	  greater	  demand	  on	  inhibitory	  control	  skills	  to	  disregard	  the	  interfering	  information	  and	  focus	  on	  numerosity,	  hence	  we	  predicted	  that	  accuracy	  would	  decrease	  as	  set	  size	  increases.	  Moreover,	  we	  predicted	  that	  not	  only	  would	  convex	  hull	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incongruent	  trials	  be	  more	  challenging	  than	  convex	  hull	  congruent	  trials,	  but	  that	  this	  congruency	  effect	  would	  also	  interact	  with	  set	  size.	  Participants	  are	  likely	  to	  perform	  less	  accurately	  on	  incongruent	  trials	  that	  are	  made	  up	  of	  larger	  absolute	  to-­‐be-­‐compared	  numerosities	  in	  comparison	  to	  smaller	  to-­‐be-­‐compared	  numerosities.	  We	  predicted	  that	  trials	  with	  dot	  size	  congruent	  visual	  cues	  would	  be	  more	  challenging	  than	  dot	  size	  incongruent	  trials,	  but	  did	  not	  make	  any	  predictions	  about	  interaction	  effects,	  as	  it	  is	  unclear	  whether	  dot	  size	  congruency	  effects	  would	  vary	  with	  increasing	  set	  size.	  	  	  
Figure	  1:	  Examples	  of	  the	  same	  0.61	  numerosity	  ratio	  trial	  in	  a)	  the	  smallest	  set	  size	  (11	  vs.	  18	  dots)	  and	  b)	  the	  largest	  set	  size	  (44	  vs.	  72	  dots).	  a)	  
	   	  b)	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2.	  Method	  
2.1	  Participants	  	  Participants	  were	  44	  children	  (22	  male)	  aged	  between	  7	  and	  9	  years	  (M=	  8.3,	  
SD=	  0.59	  years).	  Seven	  children	  whose	  performance	  was	  not	  significantly	  above	  chance	  were	  excluded	  from	  the	  analysis1.	  This	  study	  was	  approved	  by	  the	  Loughborough	  University	  Ethics	  Approvals	  (Human	  Participants)	  Sub-­‐Committee.	  	  	  
2.2	  Task	  	  Participants	  completed	  a	  dot	  comparison	  task.	  Stimuli	  were	  arrays	  of	  white	  dots	  presented	  on	  a	  black	  background.	  The	  dots	  were	  generated	  using	  Gebuis	  and	  Reynvoet’s	  (2011)	  method,	  which	  creates	  each	  pair	  of	  dot	  arrays	  four	  times	  with	  different	  visual	  characteristics	  in	  terms	  of	  average	  dot	  size	  and	  convex	  hull,	  resulting	  in	  four	  image	  types,	  shown	  in	  Figure	  2.	  There	  were	  four	  set	  size	  conditions:	  small,	  medium,	  large	  and	  very	  large	  with	  the	  small	  numerosities	  ranging	  from	  10	  to	  19,	  and	  the	  others	  being	  2,	  3,	  and	  4	  times	  as	  large	  respectively.	  The	  ratios	  between	  the	  numerosities	  displayed	  in	  the	  arrays	  were	  0.53,	  0.61,	  0.71,	  0.81,	  0.88	  and	  0.93.	  The	  stimuli	  were	  presented	  simultaneously,	  side-­‐by-­‐side	  on	  a	  15”	  laptop	  display.	  	  
Figure	  2:	  Examples	  of	  the	  four	  image	  types	  used	  in	  a	  30	  vs.	  57	  dot	  comparison	  task	  trial.	  For	  each	  type	  of	  trial,	  the	  more	  numerous	  arrays	  contained	  a)	  larger	  dots	  and	  a	  larger	  convex	  hull	  (fully	  congruent)	  b)	  smaller	  dots	  and	  larger	  convex	  hull	  (dot	  incongruent,	  convex	  hull	  congruent)	  c)	  larger	  dots	  and	  a	  smaller	  convex	  hull	  (dot	  congruent,	  convex	  hull	  incongruent)	  d)	  smaller	  dots	  and	  a	  smaller	  convex	  hull	  (fully	  incongruent).	  	  a)	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  b)	  	  
	  c)	  	  
	  d)	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2.3	  Procedure	  	  Children	  were	  tested	  individually	  in	  a	  quiet	  room	  at	  their	  school.	  Each	  trial	  began	  with	  a	  fixation	  point	  (600ms)	  followed	  by	  the	  presentation	  of	  the	  two	  arrays	  (600ms)	  and	  finally	  a	  screen	  with	  a	  question	  mark,	  which	  was	  displayed	  until	  the	  participant	  responded.	  Participants	  were	  asked	  to	  indicate	  which	  array	  was	  more	  numerous	  using	  left	  and	  right	  keys	  marked	  on	  the	  keyboard.	  There	  were	  eight	  practice	  trials	  and	  184	  experimental	  trials.	  	  
3.	  Results	  First	  the	  effects	  of	  set	  size	  and	  congruency	  status	  of	  the	  images	  on	  performance	  were	  explored.	  Participants’	  accuracy	  data	  were	  subjected	  to	  a	  4	  (set	  size:	  small,	  medium,	  large,	  very	  large)	  ×	  2	  (convex	  hull:	  congruent,	  incongruent)	  ×	  2	  (average	  dot	  size:	  congruent,	  incongruent)	  within-­‐subjects	  Analysis	  of	  Variance	  (ANOVA).	  As	  predicted,	  accuracy	  scores	  were	  highest	  in	  the	  small	  set	  size	  condition,	  M=	  64.0%,	  and	  declined	  with	  increasing	  numerosity,	  Ms=	  62.2%,	  61.8%	  and	  60.2%	  for	  the	  medium,	  large	  and	  very	  large	  conditions	  respectively.	  This	  represented	  a	  significant	  linear	  trend,	  
F(1,	  36)	  =	  6.6,	  p	  =	  .014,	  ηp²	  =	  .16.	  	  Accuracy	  was	  significantly	  higher	  for	  trials	  that	  were	  congruent	  in	  terms	  of	  convex	  hull	  (M=	  80.8%)	  compared	  to	  incongruent	  trials	  (M=	  43.3%),	  F(1,	  36)	  =	  158.18,	  
p	  <	  .001,	  ηp²	  =	  .82.	  Similarly,	  accuracy	  was	  significantly	  higher	  for	  trials	  that	  were	  congruent	  in	  terms	  of	  dot	  size	  (M=	  69.8%)	  than	  incongruent	  trials	  (M=	  54.2%),	  F(1,	  36)	  =	  14.43,	  p	  <	  .001,	  ηp²	  =	  .29.	  Set	  size	  significantly	  interacted	  with	  both	  convex-­‐hull	  congruency,	  F(3,	  108)	  =	  37.18,	  p	  <	  .001,	  ηp²	  =	  .51	  and	  dot-­‐size	  congruency,	  F(3,	  108)	  =	  5.92,	  p	  <.001,	  ηp²	  =	  .14.	  As	  set	  size	  increased,	  the	  effect	  of	  convex-­‐hull	  congruency	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increased,	  shown	  in	  Figure	  3,	  and	  the	  effect	  of	  dot-­‐size	  congruency	  decreased,	  shown	  in	  Figure	  4.	  Notably,	  performance	  drops	  significantly	  below	  chance	  on	  the	  convex-­‐hull	  incongruent	  trials	  of	  medium,	  t(36)	  =	  	  -­‐3.37,	  p	  =	  .002,	  large,	  t(36)	  =	  -­‐3.67,	  p	  =	  .001,	  and	  very	  large	  set	  sizes,	  t(36)	  =	  -­‐5.36,	  p	  <	  .001.	  	  
Figure	  3:	  Accuracy	  scores	  for	  convex-­‐hull	  congruent	  and	  incongruent	  trials	  with	  small,	  medium,	  large	  and	  very	  large	  set	  sizes.	  
	  	  
Figure	  4:	  Accuracy	  scores	  for	  dot-­‐size	  congruent	  and	  incongruent	  trials	  with	  small,	  medium,	  large	  and	  very	  large	  set	  sizes.	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   In	  addition	  to	  this	  analysis,	  we	  conducted	  a	  series	  of	  binary	  logistic	  regressions	  to	  investigate	  more	  sensitively	  how	  the	  ratio	  between	  cues	  (numerosity,	  convex	  hull,	  dot	  size)	  on	  each	  trial	  affected	  individuals’	  performance,	  and	  how	  this	  differed	  between	  smaller	  and	  larger	  set	  size	  trials.	  We	  obtained	  values	  of	  the	  average	  dot	  size	  and	  the	  total	  convex	  hull	  of	  the	  arrays	  for	  each	  image	  and	  calculated	  the	  ratio	  for	  each	  trial.	  Then,	  for	  each	  individual,	  we	  conducted	  a	  binary	  logistic	  regression	  predicting	  trial	  response	  using	  the	  ratios	  between	  the	  trial’s	  two	  numerosities,	  the	  two	  convex	  hulls,	  and	  the	  two	  mean	  dot	  sizes.	  This	  yielded	  odds	  ratios	  for	  convex-­‐hull	  size,	  dot	  size	  and	  numerosity.	  These	  odds	  ratios	  were	  calculated	  for	  the	  full	  set	  of	  trials	  and	  then	  separately	  for	  trials	  that	  included	  smaller	  set	  sizes	  (small	  and	  medium	  set	  size	  groups)	  and	  larger	  set	  sizes	  (large	  and	  very	  large	  groups).	  We	  compared	  differences	  between	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the	  odds	  ratios	  derived	  from	  these	  different	  set	  size	  groups	  using	  Wilcoxon	  Signed-­‐ranks	  tests.	  	  	  An	  odds	  ratio	  significantly	  greater	  than	  1	  indicates	  that	  the	  given	  predictor	  has	  had	  an	  effect	  on	  the	  individual’s	  comparison	  performance.	  Overall,	  the	  odds	  ratios	  for	  numerosity	  ratio	  were	  higher	  than	  1	  for	  every	  participant,	  suggesting	  that	  all	  the	  participants	  used	  numerosity	  information	  to	  some	  extent	  to	  complete	  the	  task.	  A	  Wilcoxon	  signed-­‐ranks	  test	  showed	  no	  difference	  between	  odds	  ratios	  for	  the	  numerosity	  ratio	  for	  smaller	  (Mdn	  =	  2.99)	  and	  larger	  (Mdn	  =	  3.33)	  set	  sizes,	  Z	  =	  .309,	  p	  =	  .757,	  suggesting	  that	  participants	  focused	  on	  numerosity	  irrespective	  of	  the	  set	  size.	  	  The	  odds	  ratios	  for	  the	  convex-­‐hull	  ratio	  did,	  however,	  vary	  by	  set	  size.	  A	  Wilcoxon	  Signed-­‐ranks	  test	  showed	  that	  odds	  ratios	  for	  convex-­‐hull	  ratio	  were	  significantly	  lower,	  Mdn	  =	  2.69,	  for	  smaller	  compared	  to	  larger,	  Mdn	  =	  9.40,	  set	  sizes,	  Z	  =	  5.21,	  p	  <	  .001.	  For	  dot-­‐size	  ratio,	  there	  was	  no	  difference	  between	  odds	  ratios	  for	  smaller,	  Mdn	  =	  1.17,	  and	  larger,	  Mdn	  =	  1.20,	  set	  size	  trials,	  Z	  =	  1.74,	  p	  =	  .083.	  This	  pattern	  of	  odds	  ratios	  is	  consistent	  with	  the	  picture	  that	  emerged	  from	  the	  ANOVA	  analysis.	  In	  particular,	  the	  findings	  suggest	  that	  the	  impact	  of	  visual	  characteristics	  of	  dot	  arrays	  varies	  with	  set	  size.	  
4.	  Discussion	  
4.1	  Summary	  of	  Main	  Findings	  
	   Our	  goal	  in	  this	  study	  was	  to	  investigate	  how	  performance	  on	  a	  dot	  comparison	  task,	  a	  basic	  non-­‐symbolic	  task	  designed	  to	  measure	  the	  ANS,	  was	  influenced	  by	  individual	  differences	  in	  numerosity	  judgement	  acuity	  but	  also	  by	  more	  wide-­‐ranging	  domain-­‐general	  cognitive	  skills.	  Specifically,	  the	  research	  examined	  whether	  dot	  comparison	  accuracy	  scores	  reflect	  participant’s	  ANS	  acuity	  alone,	  indicated	  by	  significant	  effects	  of	  numerosity	  ratio,	  or	  whether	  visual	  characteristics	  of	  the	  arrays	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also	  impacted	  on	  performance,	  which	  would	  suggest	  that	  inhibitory	  control	  is	  required	  to	  solve	  incongruent	  trials.	  To	  do	  this	  we	  manipulated	  the	  numerosity	  ratios,	  the	  visual	  characteristics	  and	  the	  absolute	  set	  sizes	  of	  the	  to-­‐be-­‐compared	  dot	  arrays,	  which	  in	  turn	  further	  affected	  the	  visual	  characteristics	  of	  the	  arrays.	  	  As	  predicted,	  we	  found	  that	  as	  numerosities	  increased,	  accuracy	  scores	  decreased.	  Furthermore,	  we	  found	  that	  the	  types	  of	  visual	  cues	  that	  participants	  most	  attended	  to	  varied	  by	  set	  size.	  Specifically,	  as	  set	  size	  increased,	  it	  seems	  that	  participants	  are	  relatively	  more	  often	  influenced	  by	  the	  convex	  hull	  of	  the	  arrays,	  and	  less	  by	  the	  mean	  dot	  size.	  To	  elaborate,	  in	  larger	  set	  size	  conditions	  participants	  performed	  better	  on	  trials	  where	  convex	  hull	  size	  was	  predictive	  of	  numerosity	  and	  less	  accurately	  when	  it	  was	  incongruent	  with	  numerosity.	  In	  fact,	  performance	  was	  significantly	  below	  chance	  on	  the	  medium,	  large	  and	  very	  large	  set	  size	  convex-­‐hull	  incongruent	  trials,	  suggesting	  that	  participants	  found	  it	  particularly	  difficult	  to	  ignore	  convex-­‐hull	  cues	  on	  these	  trials.	  In	  these	  larger	  set	  size	  conditions	  average	  dot	  size	  had	  little	  influence	  on	  performance.	  In	  contrast,	  in	  smaller	  set	  size	  conditions,	  participants’	  performance	  was	  higher	  on	  trials	  where	  average	  dot	  size	  was	  predictive	  of	  numerosity	  and	  lower	  when	  it	  was	  incongruent	  with	  numerosity.	  In	  these	  smaller	  set	  size	  conditions,	  accuracy	  was	  less	  influenced	  by	  convex	  hull	  size.	  This	  shows	  that	  participants	  focused	  on	  different	  visual	  cues	  depending	  on	  absolute	  set	  size	  of	  the	  dot	  array.	  Importantly,	  regression	  analyses	  also	  showed	  that	  accuracy	  scores	  were	  not	  only	  influenced	  by	  visual	  cue	  processing,	  but	  also	  by	  numerosity	  processing.	  	  
4.2	  Theoretical	  Implications	  
 The	  standard	  model	  of	  the	  ANS	  (Dehaene	  1997)	  struggles	  to	  account	  for	  these	  findings.	  The	  standard	  model	  proposes	  that	  the	  participants’	  ANS	  precision	  and	  the	  ratio	  between	  the	  numerosities	  in	  each	  trial	  should	  be	  the	  only	  two	  predictors	  of	  
	   23	  
accuracy	  in	  dot	  comparison	  tasks	  (Barth	  et	  al.	  2005;	  Dehaene	  1997).	  Although	  we	  found	  that	  all	  participants	  focus	  on	  numerosity	  to	  some	  extent	  to	  complete	  the	  task,	  we	  found	  that	  set	  size	  and	  visual	  cues,	  such	  as	  dot	  size	  and	  convex	  hull,	  also	  interfere	  with	  task	  performance.	  This	  suggests	  that	  task	  success	  depends	  on	  more	  than	  just	  ANS	  processing.	  
 Our	  results	  support	  the	  view	  of	  Gebuis	  and	  colleagues	  who	  argue	  that	  the	  visual	  characteristics	  of	  dot	  comparison	  tasks	  are	  of	  pivotal	  importance	  to	  performance	  on	  dot	  comparison	  tasks	  (Gebuis	  and	  Gevers	  2011;	  Gebuis	  and	  Reynvoet	  2012a,	  b).	  Both	  of	  the	  visual	  characteristics	  manipulated	  in	  this	  study	  influenced	  accuracy	  scores.	  Notably,	  the	  congruency	  status	  of	  the	  convex	  hull	  in	  the	  dot	  arrays	  had	  a	  stronger	  influence	  on	  performance	  than	  average	  dot	  size,	  as	  reflected	  by	  the	  larger	  overall	  congruency	  effects	  reported	  in	  the	  ANOVA.	  Correspondingly,	  as	  set	  size	  varied,	  the	  influence	  of	  convex	  hull	  on	  participants’	  accuracy	  scores	  varied	  significantly,	  however	  despite	  the	  significant	  ANOVA	  interaction,	  the	  odds	  ratio	  analyses	  showed	  the	  influence	  of	  average	  dot	  size	  to	  be	  less	  prominent.	  Gebuis	  and	  colleagues	  suggest	  that	  judgements	  are	  a	  function	  of	  weighing	  up	  multiple	  visual	  cues	  simultaneously,	  and	  that	  it	  is	  unlikely	  that	  ANS	  representations	  of	  numerosity	  can	  be	  extracted	  independently	  of	  this.	  Our	  results	  suggest	  that	  ANS	  representations	  are	  in	  fact	  employed	  alongside	  visual	  judgements,	  although	  as	  this	  study	  could	  not	  test	  how	  all	  the	  visual	  parameters	  were	  simultaneously	  used	  to	  judge	  numerosity,	  this	  is	  a	  hypothesis	  that	  warrants	  further	  investigation.	  
 Our	  findings	  provide	  support	  the	  competing	  processes	  account	  of	  dot	  comparison	  task	  performance	  (Fuhs	  and	  McNeil	  2013;	  Gilmore	  et	  al.	  2013;	  Nys	  and	  Content	  2012).	  Gilmore	  et	  al.	  (2013)	  suggested	  that	  the	  successful	  completion	  of	  a	  dot	  comparison	  task	  relies	  partially	  on	  ANS	  abilities	  and	  partially	  on	  the	  ability	  to	  inhibit	  salient	  visual	  features	  of	  the	  array.	  Our	  results	  are	  consistent	  with	  the	  suggestion	  that	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participants	  do	  use	  their	  ANS	  to	  perform	  dot	  comparison	  tasks,	  and	  show	  that	  the	  congruency	  of	  the	  visual	  stimuli,	  in	  terms	  of	  dot	  size	  and	  convex	  hull,	  also	  influences	  performance.	  Participants	  found	  trials	  where	  it	  was	  necessary	  to	  inhibit	  the	  incongruent	  visual	  characteristics	  of	  an	  array	  significantly	  more	  difficult	  than	  congruent	  trials.	  	  We	  do	  not	  suggest	  that	  ANS	  processing	  itself	  is	  influenced	  by	  interfering	  processes,	  but	  rather	  that	  the	  interference	  competes	  with	  ANS	  processing,	  and	  consequently	  influences	  dot	  comparison	  performance.	  	  
 From	  this	  evidence,	  it	  seems	  likely	  that	  dot	  comparison	  tasks	  may	  also	  measure	  inhibitory	  control	  skills,	  specifically	  individual	  differences	  in	  interference	  control.	  Participants	  with	  better	  inhibitory	  control	  skills	  are	  therefore	  likely	  to	  perform	  better	  on	  dot	  comparison	  task	  trials	  that	  contain	  incongruent	  visual	  cue	  information.	  This	  finding	  is	  consistent	  with	  previous	  research	  that	  has	  found	  a	  correlation	  between	  performance	  on	  dot	  comparison	  trials	  where	  visual	  information	  was	  incongruent	  to	  numerosity,	  and	  inhibitory	  control	  tasks	  (Cappelletti	  et	  al.	  2014;	  Gilmore	  et	  al.	  2013).	  Following	  this,	  further	  research	  should	  focus	  on	  to	  what	  extent	  performance	  on	  dot	  comparison	  tasks	  can	  be	  accounted	  for	  by	  inhibitory	  control	  skills	  rather	  than	  individual	  differences	  in	  ANS	  acuity.	  	  
 The	  support	  this	  study	  provides	  for	  the	  competing	  processes	  account	  has	  implications	  for	  the	  idea	  that	  there	  is	  a	  causal	  relationship	  between	  ANS	  acuity	  and	  formal	  mathematics	  achievement	  (Libertus	  et	  al.	  2011;	  Mazzocco	  et	  al.	  2011;	  Piazza	  et	  al.	  2010;	  Piazza	  et	  al.	  2013).	  The	  competing	  processes	  account	  instead	  proposes	  that	  inhibition	  could	  be	  the	  key	  mediator	  of	  this	  link	  (Fuhs	  and	  McNeil	  2013;	  Gilmore	  et	  al.	  2013).	  If	  this	  is	  the	  case,	  then	  developing	  successful	  interventions	  to	  improve	  participants’	  formal	  mathematical	  skills	  through	  dot	  comparison	  training	  may	  be	  unachievable.	  It	  will	  be	  advantageous	  for	  future	  research	  to	  develop	  a	  more	  extensive	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and	  connected	  picture	  of	  the	  cognitive	  processes	  that	  underlie	  performance	  on	  dot	  comparison	  tasks	  before	  the	  task’s	  educational	  applications	  can	  be	  appropriately	  considered.	  	  	  
4.3	  Methodological	  Implications	  
 Our	  findings	  underscore	  the	  significance	  of	  the	  many	  procedural	  differences	  in	  dot	  comparison	  task	  protocols	  present	  within	  the	  literature.	  Currently,	  there	  is	  no	  consensus	  concerning	  the	  range	  of	  numerosities	  included	  in	  comparison	  tasks	  and	  many	  studies	  that	  are	  cited	  and	  reviewed	  in	  the	  literature	  involve	  diverse	  ranges	  of	  numerosities.	  Similarly,	  there	  are	  no	  established	  recommendations	  on	  how	  visual	  characteristics	  should	  be	  controlled	  in	  the	  stimuli.	  Many	  researchers	  only	  control	  for	  the	  cumulative	  surface	  area	  of	  the	  dots	  (e.g.	  Halberda	  et	  al.	  2008,	  2012;	  Libertus	  et	  al.	  2011;	  Mazzocco	  et	  al.	  2011)	  and	  so	  fail	  to	  investigate	  how	  performance	  is	  influenced	  by	  other	  important	  visual	  cues	  such	  as	  convex	  hull.	  As	  shown	  by	  the	  present	  results,	  variations	  in	  set	  size,	  convex	  hull	  and	  average	  dot	  size	  all	  influence	  accuracy	  scores	  and	  so	  should	  be	  considered	  carefully	  when	  designing,	  analysising	  and	  comparing	  non-­‐symbolic	  dot	  comparison	  experiments.	  	  
 In	  order	  to	  advance	  our	  understanding	  of	  the	  ANS	  and	  its	  correlates,	  future	  research	  may	  benefit	  from	  a	  shift	  in	  focus	  towards	  the	  development	  of	  alternative	  protocols	  to	  measure	  ANS	  acuity.	  Due	  to	  the	  unwanted	  influence	  of	  visual	  cues,	  the	  use	  of	  dot	  comparison	  tasks	  may	  not	  be	  appropriate.	  Cross-­‐modal	  methods	  involving	  a	  mixture	  of	  visual	  dot	  arrays	  and	  auditory	  stimuli	  have	  successfully	  been	  used	  in	  previous	  research.	  Barth	  et	  al.	  (2005)	  found	  that	  children	  were	  able	  to	  integrate	  quantity	  information	  from	  these	  two	  different	  modalities,	  demonstrating	  that	  performance	  in	  a	  dual-­‐modality	  task	  was	  not	  significantly	  different	  to	  performance	  in	  a	  single	  visual	  modality	  task.	  It	  is	  possible	  this	  method	  of	  non-­‐symbolic	  comparison	  may	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require	  less	  inhibitory	  control	  demands	  than	  standard	  dot	  comparison	  tasks,	  and	  therefore	  be	  a	  more	  valid	  measure	  of	  ANS	  acuity.	  	  	  
4.4	  Conclusion	  We	  have	  demonstrated	  that	  children’s	  performance	  on	  a	  dot	  comparison	  task	  designed	  to	  measure	  the	  ANS	  was	  not	  only	  influenced	  by	  individual	  differences	  in	  ANS	  acuity,	  but	  also	  by	  the	  size	  of	  the	  numerosities	  involved	  and	  the	  visual	  characteristics	  of	  the	  stimuli.	  Results	  follow	  a	  pattern	  consistent	  with	  the	  hypothesis	  that	  inhibitory	  control	  may	  have	  been	  recruited	  to	  account	  for	  visual	  cues	  that	  were	  incongruent	  with	  numerosity	  information.	  This	  finding	  strengthens	  evidence	  for	  the	  crucial	  role	  of	  inhibition	  in	  dot	  comparison	  tasks.	  	  Accordingly,	  it	  will	  be	  important	  for	  future	  studies	  measuring	  the	  relationship	  between	  dot	  comparison	  task	  performance	  and	  mathematics	  achievement	  to	  control	  for	  individual	  differences	  in	  inhibitory	  control.	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Footnote	  1	  The	  same	  pattern	  of	  results	  were	  found	  when	  these	  participants	  were	  included.	  However,	  because	  we	  were	  not	  certain	  that	  these	  participants	  understood	  the	  task	  instructions	  we	  chose	  to	  exclude	  them.	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